We discuss the predictivity of family symmetries for the soft supersymmetry breaking parameters in the framework of supergravity. We show that unknown details of the messenger sector and the supersymmetry breaking hidden sector enter into the soft parameters, making it difficult to obtain robust predictions. We find that there are specific choices of messenger fields which can improve the predictivity for the soft parameters.
Introduction
One approach towards understanding the observed fermion masses and mixings is employing family symmetries. In a wide class of such models, one assigns the representations of the corresponding group in such a way that the family symmetry forbids Yukawa couplings, while the matter fields couple to a number of flavon (or familon) and vector-like messenger fields. When these heavy messenger fields are integrated out, one obtains an effective theory with non-renormalisable couplings between matter and flavon fields. Then the flavon fields develop the vacuum expectation values (vevs) that break the family symmetry spontaneously. This generates non-renormalisable Yukawa couplings, which are suppressed by a power of the small ratio of flavon vev to messenger mass. As this power varies for different elements of the Yukawa matrices, one can naturally obtain hierarchical fermion masses [1] .
In supersymmetric theories, family symmetries also restrict the soft supersymmetry (SUSY) breaking parameters [2, 3] , provided that the mechanism mediating SUSY breaking to the visible sector operates at a scale where the family symmetry is unbroken. This is the case for gravity-mediated SUSY breaking, for example, where the characteristic scale is the Planck mass M P . If all matter fields transform under a three-dimensional representation of a family symmetry, only soft scalar mass matrices proportional to the unit matrix are allowed. The trilinear scalar couplings have to vanish like the Yukawa couplings.
The breaking of the family symmetry leads to off-diagonal entries in the soft mass matrices, suppressed by powers of the ratio of flavon vevs to messenger masses. Furthermore, non-zero trilinear couplings are generated, which are not guaranteed to be proportional to the Yukawa couplings. In principle the deviations of the soft parameters from the pattern of the Constrained Minimal Supersymmetric Standard Model (CMSSM) can be calculated within a particular family model, and it has been found that they can be sufficiently small to be compatible with the experimental bounds [3] [4] [5] [6] [7] [8] [9] . Therefore, one may expect that the SUSY flavour problem is absent even after family symmetry breaking. If there is a CP symmetry which is spontaneously broken together with the family symmetry, then one can also address the SUSY CP problem [2] [3] [4] [5] [6] [7] 10] .
Thus, in addition to explaining the fermion masses and mixings, family symmetries could give calculable corrections to the soft SUSY breaking parameters, which would offer additional experimental tests of family symmetries because those soft parameters can be probed experimentally by measuring flavour-and CP-violating observables.
In this work, we discuss to what extent family symmetries can indeed yield robust predictions for the soft parameters. In Sec. 2, after a general discussion of the formalism in the supergravity framework, we argue that the predictivity is severely limited unless the messenger sector and the SUSY-breaking hidden sector are known, as illustrated by a concrete example in Sec. 2.2. Afterwards, Sec. 3 discusses a possibility to gain predictivity by modifying the messenger sector, and Sec. 4 compares the ensuing predictions for a particular model with the experimental constraints.
, which yields an important contribution to the trilinear scalar couplings. The minimisation of the potential yields vevs for all hidden sector fields and their F terms, breaking both SUSY and the family symmetry.
4. We take the flat limit, i.e. M P → ∞ and m [16] . This removes the dynamical degree of freedom h from the theory. In contrast, both the flavon vevs φ and the dynamical fieldsφ are still present, since they have couplings to the observable sector that are suppressed by M χ rather than M P . It is only at the scale φ < M P that they decouple. Again, this should not be a problem as long as we do not aim to calculate the running of parameters between M P and φ .
5. We rescale the superpotential of the visible sector,
This is necessary in order to obtain the usual globally supersymmetric contribution α |∂W O /∂C α | 2 to the scalar potential. The rescaling is absorbed in the effective Yukawa couplings,
Y f c i F j H f denotes the ij component of the matrix Y αβγ coupling the fields C α = f c , C β = F and C γ = H f . Note that the rescaled Yukawa couplings Y are the ones directly related to observable quantities (up to canonical normalisation) that are determined by the fit to the fermion masses.
6. The scalar potential now consists of the globally supersymmetric part and soft SUSY breaking terms. Assuming that no D terms contribute to SUSY breaking, we determine the latter using Eqs. (11, 12) of [17] , which in our notation become As mentioned, we are treating the flavons as part of the hidden sector associated to the breaking of SUSY and therefore there are also non-zero vevs for their F terms, although they are not the main contribution to SUSY breaking, the leading source of course being the family-blind field h. It is also important to note that if there was only one flavon in the theory and thus only one F term, then we can immediately see from Eqs. (9) that when going to the canonical basis there would be no off-diagonal terms, even with a non-trivial Kähler metric. On the other hand it can be quickly computed [4] that with at least two different flavons and consequently different F terms, the soft mass matrices have the same structure as the Kähler metric but with different O(1) coefficients in each component,
4 Here we use
, then it is assumed that the term containing |Kφ n | 2 is the dominant one. Formally the coefficients c n should be determined from the process that sets completely the minimum of the scalar potential and so depends on details of how SUSY is broken. However, since the F terms in general are proportional toφ n the coefficients c n are expected to be O(1).
where of course the precise values of the O(1) coefficients depend on the details of the Kähler potential and the F terms.
7. We normalise the visible-sector fields to obtain canonical kinetic terms,
where the (non-unitary) matrices V diagonalise the Kähler metric,
Consequently, the transformations of the soft parameters and the Yukawa couplings are given by
8. Flavour-violating parameters are computed in the super-CKM (SCKM) basis where the Yukawa couplings are diagonal,
and we have the corresponding transformations for the soft terms,
In summary, we would like to emphasise two crucial points for the predictivity of these scenarios. A first consequence of the supergravity formalism, including a UV completion with both a sector breaking SUSY and a sector breaking the family symmetry, is the explicit form (8) of the Yukawa couplings, containing information on both sectors. In the supergravity literature the dependence on the family-blind sector is a well-known fact. However, so far this has not been considered in works studying family symmetries in the effective theory approach. Second, the relations (9) between the parameters describing the Yukawa couplings and those responsible for the soft parameters are sensitive to many details of the UV completion, as we shall illustrate in the following sections. 5 At the order we are considering the Kähler potential does not mix different fields F or f c . Hence, every blockK F † F andK f c f c † in the Kähler metric can be diagonalised with a different matrix. Likewise, the block associated to the Higgs fields is diagonal. We useK F † F to denote the matrix whose ij element isK F † i Fj , and analogously for other quantities.
A Conventional Example with a Triplet Messenger
Let us consider the model presented in [11] with an SU(3) × U(1) × U(1) family symmetry as a conventional example. Besides the fields mentioned in the previous section, another flavonφ 3 and additional family-singlet messengers χ f 1 , χ f 3 are present. The superpotential is a straightforward generalisation of Eq. (2). 6 The Yukawa couplings stem from diagrams of the type shown in Fig. 1 [12] , involving χ f 0 and one more messenger χ f n with n = 1, 2, 3. The flavons develop vevs φ 3 ∝ (0, 0, 1), φ 2 ∝ (0, 1, −1), and φ 1 ∝ (1, 1, 1). We assume the hierarchy
Then the Yukawa matrices are approximately given by
is now rather small relative to the vev, 8 we find significant deviations from a family-blind Kähler potential.
The setup under consideration allows us to choose both of the above cases, so that it does not predict which one is realised. The question is then how much the soft parameters differ between these cases.
The soft scalar masses depend only on the F terms and on the Kähler potential [17] , which is very different in our two limiting cases. Canonical normalisation does not lead to any qualitative change here, since the corresponding transformations (13a) are determined byK only and not by parameters involving the Yukawa couplings. Therefore, we have to conclude that in fact the unknown parameters in the Kähler potential prevent us from predicting the soft scalar masses.
More precisely, we cannot predict the soft masses of the superpartners of the righthanded fermions. We do find that there are no corrections to the SU(2) L doublet scalar mass matrix m 2F †F , since there are no SU(2) L doublet messengers [18] . ≥ φ 3 , one finds that˜ f cannot become much larger than f . 9 A purely left-handed (i.e. SU(2) L doublet) messenger sector is excluded because in this case the SU(2) L symmetry would lead to u = d .
The structure of the trilinear scalar couplings before canonical normalisation is
where
and where we have neglected terms suppressed by φ 2 / M We define the familiar CMSSM-like parameter
The part of the second line of Eq. (9b) involvingK∂φK reproduces the second line of Eq. (21a). Finally, the second term of Eq. (9b) contains ∂ φm Y and yields the contribution m 3/2 Tfc
. This term can give a non-trivial family dependence even with a canonical Kähler potential due to the non-trivial dependence of the Yukawa couplings on the flavon fields. Furthermore, this term does not depend on the unknown parameters˜ f in the Kähler potential and hence it could be directly linked to observable quantities. However, the predictivity for the physical trilinears is limited by two effects.
Firstly, the second line in Eq. (21a) depends on the unknown parameter˜ f . This line also contains different elements of the Yukawa matrices, which can be much larger than the element appearing in the first line,
for some values of k. Then Case 1 for a differs considerably from Case 2, since some terms of the second line dominate for sufficiently large˜ 
In Case 2 the parameter˜ f can easily be much larger than f , so that the second line dominates over the first one, which is proportional to the Yukawa coupling Y f c
f . Thus, the order of magnitude of a f c 2F 3 H f is changed compared to Case 1. Secondly, the transformation (13c) to the canonical basis is controlled by the Kähler potential and thus again by the unknown˜ f . In order to estimate the possible change, we choose V † f c as a lower-diagonal matrix [19] . Then the canonically normalised trilinears are given bŷ
up to an overall (family-blind) factor (remember that hereK F † F ∝ 1 and hence V F ∝ 1).
for k < i. Thus, the corrections to each element of a are at most of the same order of magnitude as the element itself as long as˜ f < 1. In other words, they only cause a change by an O(1) factor but do not change the power of f appearing in the element. Consequently, the effect of canonical normalisation is not terribly different in the two limiting cases introduced above. In conclusion, mainly due to the unknown size of the second line of Eq. (21a) one loses predictivity for the trilinear scalar couplings as well.
As a notable exception, the 33 element of the Kähler metric of the right-handed matter fields is given bỹ
10 Furthermore, the last term in Eq. (24), whose analogue was omitted in Eq. (6) because it is of higher order in the messenger masses and thus not important for other elements ofK f c f c † , equals |Y f c
Thus, with the qualification mentioned in footnote 10, one can indeed gain some knowledge about the order of magnitude of the corrections to the family-universal part ( 
. However, this is not the case for the remaining elements. The smallness of the Yukawa couplings other than Y f c 3 F 3 H f implies a hierarchy between the relevant flavon vevs and messenger masses, which allows to vary these parameters significantly.
If the singlet messenger masses happen to be small enough to lead to measurable deviations from the CMSSM due to large˜ f , there could remain some predictions in the form of correlations between different observables since the number of free parameters (including˜ f ) is smaller than the number of independent soft SUSY breaking parameters. However, given the large number of parameters and the complicated relations between model parameters and observables, it is questionable if such predictions could in practice be found and confirmed. Another prediction that can arise in unified models is that the parameters in the lepton sector are related to those in the quark sector [20, 21] . However, this is a consequence of the enlarged gauge symmetry rather than the family symmetry.
Improving Predictivity with Singlet Messengers
One possible way to realise more predictions for the SUSY breaking parameters is an extension of the theory that allows to restrict the messenger masses, as proposed in [22] 10 In the absence of a model for the messenger masses, even this is not predicted. Depending on the structure of higher-order corrections to the effective Kähler potential, it is possible that M χ for an SO(3) family symmetry, or fixes the ratios between the flavon vevs. Another way, which we will explore here, is to generate the Yukawa couplings via diagrams of the type shown in Fig. 3 . 11 In replacement of the messengers χ f 0 , which are triplets under the family symmetry SU(3) and singlets under SU(2) L , we now employ the fields χ We obtain the same effective superpotential and Yukawa couplings as before, except that χ f 0 is exchanged by χ 
so that the phenomenology of the fermion sector is completely unchanged. The diagram from Fig. 2 again yields contributions to the Kähler potential of the right-handed matter fields like in Eq. (20) . However, χ F n being family singlets, there arise the new diagrams shown in Fig. 4 , which lead to non-universal corrections to the Kähler potential of the left-handed fields as well, for examplẽ
Thus, all messenger masses show up in the effective Kähler potential and the soft parameters in this case. This means that although we still have considerable freedom to adjust the expansion parameters˜ f and˜ F , we predict the correlation
Explicitly,
where the appearance of the quark sector parameter d rather than an independent e in the last relation is a particularity of the model [11] . As a consequence, no expansion parameter can be arbitrarily small, and the breaking of the family symmetry produces off-diagonal elements in all soft mass matrices. For example, we find using d = 0.13 and
The prediction (28) still depends on the unknown quantities λ H , N , and ξ χ . By construction, λ H ∼ 1, like the other dimensionless couplings in the superpotential, so that this parameter does not introduce a large uncertainty. The other unknown parameters are related to the hidden-sector field h. Although they could be significantly larger than 1 in principle, this would require h M P or a rather large number of additional hiddensector fields with vevs close to M P . Thus, it seems reasonable to expect these quantities to be of order unity as well. For instance, for the Polonyi model [23] 
3. Some additional sources of uncertainty have not been included in the above relations. As mentioned earlier, we have used only three different couplings λ 1 , λ 2 and λ H , and moreover neglected their possible dependence on h. Besides, we have defined f before canonical normalisation. This is not entirely correct, since these parameters are determined by a fit to the physical, canonically normalised Yukawa couplings. However, canonical normalisation may not cause a significant change of the Yukawa matrices, if the model is to predict the fermion masses. Thus, as long as this condition is satisfied, canonical normalisation does not produce more than another O(1) factor.
The soft SUSY-breaking parameters are computed as in the previous section. The soft masses depend on the parameters˜ f and˜ F but not on f , although of course now they are related. The trilinear couplings now include two terms that are not proportional to the corresponding Yukawa couplings, the second line of Eq. (21a) and in addition
because of the off-diagonal term in the Kähler metric of the left-handed matter fields. Leaving the particular model under consideration for a moment, an obvious question is whether our results can be generalised to a simple criterion for the predictivity of family models for the soft SUSY breaking parameters. We have seen that one can expect predictions, if the masses of all messengers appear in the effective Kähler potential at the order M −2 χ . This is the case if a coupling Fφχ or f cφ χ exists for all messengers. For F, f c ∼ 3 andφ ∼ 3, this requires χ to be singlets (leaving aside representations with dimension larger than 3), as in the example of this section. One could also haveφ ∼ 3, though, which would allow a coupling with triplet messengers. Hence, one cannot conclude that predictivity requires singlet messengers in general. The converse statement evidently holds provided that Fφ, f cφ ∼ 1: if all messengers are singlets, then their masses appear in the effective Kähler potential. However, non-Abelian family symmetries are often extended by extra symmetries like U(1) × U(1) in [11] under which all messengers are charged. In other words, total singlets rarely exist, limiting the use of this criterion. Consequently, one usually cannot sidestep checking the viability of each matter-flavon-messenger vertex.
Comparison with Experimental Constraints
In order to get an idea about the observable signatures that can be expected, let us make a very rough estimate of the parameters relevant for FCNC processes. We assume a framework where the Yukawa couplings are generated from diagrams of the type shown in Fig. 3 , with the exception of the 33-entries. For the latter we employ the diagram of Fig. 1 . Thus, the 33-entries of the right-handed soft mass matrices and trilinear couplings receive O(1) corrections.
From (13a) it is straightforward to see that the same parameters˜ Q (in case of more than one flavon) parameterise both V F and m 
where we have omitted the O(1) coefficients and where dots stand for elements given by hermiticity. For simplicity, we have assumed a common prefactor m 2 0 in front of the matrix for all types of sfermions. Likewise, we will assume a unified gaugino mass m 1/2 , so that in the limit φ → 0 we have a special case of the CMSSM.
In elements 12 and 13 of the matrix above there appears the term λ
(from our Kähler metric given in Eq. 39). Then for the correct structure of the Yukawa couplings (used in [11] and also needed for our Yukawa matrices) the relations
are needed. This form of scalar masses was studied previously in [5] for the case˜ f = f for f = u, d, e and˜ Q =˜ L = 0, i.e. diagonal mass matrices for the SU(2) doublet sfermions.
We use the one-loop renormalisation group evolution estimate [24] for the diagonal entries at low energy and neglect the running of the off-diagonal entries. Up to now we have not mentioned the neutrino sector. The inclusion of it with the use of the seesaw mechanism has been widely used in SU (3) models to reproduce the right spectra and mixing for oscillating neutrinos. In most part of such models, the neutrino Yukawa couplings of O(1) do not influence the running because the corresponding right-handed singlet neutrino has a mass above M GUT . Later, we will briefly comment on scenarios where Y ν plays a significant role. transformation will not change the corresponding order of magnitude inâfc
Note that since we do not have the relations of the CMSSM case, we need to redefine an
are expected to be O(1), its order of magnitude can be estimated. What we have assumed in the numerical estimates in Table 1 is that we can express (T h
for a factor n of O(1) that depends on each element (i, j). In our example under consideration, n can be a factor of a few (i.e. 1 + p ij n in Eq. (21c)) which can be well within the range to be probed by the forthcoming experiments.
In order to estimate the size of FCNCs in our setup, let us consider a very simple example 12 :
An example for the flavour violating parameters δ using the relations above is listed in Tab. 1 for the SPS 1a point, together with the corresponding experimental limits. We see that the constraints in the squark sector are easily satisfied for flavour violating parameters of the form (δ The flavour violating parameters δ u can be calculated analogously to those of δ d . However, its corresponding experimental are not so stringent [27] [28] [29] compared to the δ d constraints, and they are satisfied as long as the bounds on δ d are satisfied with a choice of u < d . We do not show δ e RR , since they are only weakly constrained, too. Some tension can be seen in the lepton sector with µ → eγ, consistently with what was found in [5] .
If there was a right-handed neutrino whose Yukawa coupling influenced the running of (m 2 L †L ) ij we could estimate its effect as [30] :
The form of Y ν is unfortunately very model-dependent since we do not know the experimental value of the absolute scale and the nature of the oscillating neutrinos. Nevertheless, let us use a form that has been widely used in SU ( 
Conclusions
The potential of family symmetries to predict the soft supersymmetry breaking parameters in addition to the fermion masses has been studied actively in recent years [3] [4] [5] [6] [7] [8] [9] . In this work, instead of using effective potentials restricted only by the symmetries of a model as has been conventionally done, we have explored an ultra-violet (UV) completion to study all the ingredients for the family symmetry breaking and its connection to supersymmetry breaking in supergravity. The specification of the UV completion helped us in clarifying how the flavon and the messenger fields contribute to the soft supersymmetry breaking parameters and Yukawa couplings. We argued that, in a conventional model with triplet messenger fields, predictions for the soft parameters are hindered because they depend on unknown parameters that are not fixed by fitting the Yukawa couplings to experimental data. Those parameters, for example the messenger masses, are associated with the noncanonical Kähler potential and the hidden sector breaking supersymmetry. 13 The situation changes when A 0 is large. First of all, the simple one loop approximation to (δm 2 L †L ) ij given above does not describe properly the running effects any more and indeed they could play a special role in enlarging or reducing this contribution [31] , therefore they may play a more important role. However this needs to be analysed using the exact running whose detailed numerical study is left for our forthcoming work.
As one possibility to improve the situation, we have proposed a model where all the messengers are family singlets. This allowed us to derive predictions in the form of correlations between different soft parameters. Such models with predictive power robust enough to test the underlying family symmetry would deserve further examination in view of the wealth of forthcoming experimental data probing flavour and CP violation.
